Graphene has shown remarkable photonic properties, such as high transparency and wide absorption spectral range, as well as outstanding electronic and mechanical properties, so extensive interest has developed toward applying it to optoelectronic devices [1] [2] [3] [4] [5] [6] [7] [8] . The success in growing a qualified wide-area few layer graphene (FLG), comparable to one exfoliated from graphite, using chemical vapor deposition method (CVD) enables researchers to readily apply it to optoelectronic devices and quantitatively analyze its driving mechanism [9] . The graphene heterojunction system is the most commonly encountered structure in the study of graphene itself and in building applicationoriented interfaces. In these systems, graphene-substrate interactions induce significant effects on the observed results due to the atomic-order thinness of the graphene; the graphene surface is never free from the influence of interface effects. One of these effects is the surface photovoltage which can be found in the low coverage metal/semiconductor junction [10] . A similar effect was reported in the field effect transistor consisting of graphene on an insulating surface with metal pattern which showed a photo response driven by lateral band transition when the graphene crosses the different substrate surfaces, i.e., the edge effect [5, 6, 11, 12] . It is known that the optical properties of FLG directly depend on the number of layers due to different transparencies and absorbance processes [5, 6] .
However, it is not well studied why and how photo-responses depend on the modulated electronic structures of FLG with different numbers of layers when it is applied to a heterojunction system. Recently, it had been reported that the work function of double layer graphene exfoliated from graphite differs from that of single layer graphene due to chemical stabilization induced by an interlayer interaction [13] . Here, we show that the work function of the FLG prepared by layer-bylayer transfer of the CVD-grown graphene increases as the number of layers increases, and this is directly connected to open-circuit voltage modulation of an FLG/Si photovoltaic cell.
The large-area graphene layers were synthesized by CVD of methane gas on Cu foils at 1000 ˚C [14] . After the graphene film was spin-coated at 3,000 rpm with 5 wt% polymethylmethacrylate (PMMA) in chlorobenzene, the underlying Cu foil was etched by 0.5 M aqueous FeCl 3 solution.
Subsequently, the PMMA-supported graphene layer was transferred onto Si substrates and dried on a hot plate at 80 ˚C. Finally, acetone was used to remove the PMMA layer. Annealing and spectroscopic measurement of the samples were carried out at the 4B1 PES II Beamline at the Pohang Light Source in the Pohang Accelerator Laboratory [15] . The devices were mounted onto a grounded molybdenum holder, thermally linked by phosphor-boron nitride composites to a resistance heater.
The top-lying FLGs in the devices were characterized via photoemission electron spectroscopy (PES) at several annealing steps in the analysis chamber (base pressure 4 × 10 -10 torr).
The Raman spectra showed that the transferred graphene film consists of >95% monolayers [14] .
As the graphene layers were transferred one after another [16] , the intensities of G and 2D band peaks increased together, but their ratios did not change significantly (Fig.1) . This is because the hexagonal lattices of upper and lower layers are randomly oriented, unlike graphite, so that the original properties of each monolayer remain unchanged even after stacking into multilayers [17, 18] . This is clearly different from the case of multilayer graphene exfoliated from graphite crystals [19] . The
Raman spectra of the graphene layers transferred onto Si don't show D peaks near 1300 cm -1 ,
indicating the high quality of the graphene films. The TEM image also shows that the graphene film is a high-quality monolayer without many defects ( Fig. 1 , inset. For more images, see figure S4 in ref.
14).
A schematic view of a prototype of the photovoltaic device is shown in than that of single layer graphene ( = 4.57 ± 0.05 eV) using scanning Kelvin probe microscopy and explained this as a result of chemical stabilization driven by interlayer interactions [13] . Figure 3a shows the onset of the secondary cut-off (SC), E SC , of photoemission electron spectrum from asintroduced samples at a bias of -5 V using an ultraviolet source (He I: hν = 21.2 eV). The variation of SC value is directly dependent on the change of work function, as
Here, E f is the Fermi level of a sample. The inset of Fig. 3a shows the work function difference between as-introduced FLG, Fig 3a) of the exposed Si surface by Ar+ ion sputtering until the signals of foreign atoms disappeared from the x-ray photoemission electron spectrum. The work function variation was similar with that of V oc in Fig. 2c , as the numbers of layers changed. Unexpectedly, 2 ML graphene had a higher work function and V oc than the others. Figure 3b shows the SC of FLG after annealing at 500 °C for 12 hours in the vacuum chamber. Interestingly, the SC value is well behaved, i.e., it increased as the number of graphene layers increased without any exception. This implies a sequential decrease of contact potential energy, The modification of FLG after annealing was characterized in the connected analysis chamber using photoemission electron spectroscopy. Figure 4 shows the C 1s spectra at hν = 350 eV from synchrotron radiation source. The parameters of decomposed peaks are characterized by two divided parts: The parameters of the peaks originating from FLG include a Doniac-Sunjic line shape, using a
Lorentzian line width of 178 meV and an asymmetry factor of 0.07 following the previous result
[22], while the parameters of peaks of contaminant carbon species with asymmetric character were excluded due to weak coupling of contaminants with the graphene layer (See Supplementary Information, Tab. S1, for details of parameters). The C 1s spectrum of as-introduced 1 ML graphene was decomposed into one graphene peak and four peaks related with contaminants, which are integrated as the red area in the bottom spectra in Fig. 4 . The considerable amount of uncontrollable contaminants explains the unexpected behavior appearing in the work function of as-introduced
FLGs as a function of layers. However, the unexpectedly low work function of as-introduced 2 ML graphene, leading to high V oc , shows another possible challenge to increase V oc by controlled doping of the graphene. Upon annealing the sample the C 1s spectra are well characterized by two peaks originating from FLG and another two peaks from contaminants. In the case of 1 ML graphene only one graphene related peak shown by blue area, named M, appears with two contaminant peaks named C1 and C2. In the 2 ML graphene, the monolayer peak, M, is decreased while a bulk graphene peak represented by black area is visible at 284.45 eV. In the 4 ML graphene, the monolayer peak is completely replaced by the bulk graphene peak B. This result is comparable to that of an exfoliated graphene sample whoes work function depends on the number of layers [13, 23] .
The contaminant related peaks, C1 and C2, are gradually decreased and only a negligible amount is visible in 4 ML graphene. This indicates that the C1 and C2 contaminants are localized between the Si and FLG, where they are difficult to desorb by an annealing process.
In summary, we have shown the modulation of the work function of FLG by controlling the number of graphene layers grown by a CVD method. The photovoltaic response is found to directly depend on the number of graphene layers in the FLG/Si structure, similarly to the surface photovoltaic effects of a low coverage metal-semiconductor junction. The surface photovoltaic effect found here is a possible model system to estimate the modified electronic structure at the interface of a graphene heterojunction, which is commonly encountered in graphene research.
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